Introduction
Thoracolumbar burst fractures are the most common spinal fractures and the leading cause of spinal cord injury. 1 Surgical decompression is generally acceptable for neurologically compromised patients but is highly controversial in those who are neurologically intact. 2 Although XZ Jiang, W Tian, B Liu et al.
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nonoperative treatment has shown promising results, clinical research has demonstrated that surgical treatment provides better fracture reduction and longterm clinical outcomes. 3, 4 The treatment decision in neurologically intact patients depends on the stability of the fracture. Neurologically intact patients with burst fracture and posterior ligamentous complex (PLC) injury have a thoracolumbar injury classification and severity (TLICS) 5 score of ≥ 5, suggesting unstable fracture and indicating surgical treatment preferably via a posterior approach.
5,6
The pedicle screw-rod construct is a popular posterior instrumentation and short-segment pedicle screw fixation has shown good results in selected patients with thoracolumbar burst fractures. 7 The purpose of surgery for neurologically intact patients is to re-establish vertebral stability and correct spinal alignment rather than carrying out direct decompression of the spinal canal. Indirect reduction of the retropulsed fragment of the vertebral body may be achieved by the tension of the posterior longitudinal ligament and it is, therefore, unnecessary to strip the posterior paraspinal muscle and perform laminectomy. Paraspinal muscle stripping is associated with prolonged operative time, increased intraoperative bleeding, severe postoperative back pain and delayed functional rehabilitation, 8 as well as aggravation of PLC injury. 9 A posterior paraspinal muscle-sparing approach is, therefore, recommended for neurologically intact patients with burst fractures and PLC injury.
Both the paraspinal and percutaneous approaches spare the paraspinal muscles and screw fixation via these approaches has replaced the traditional posterior approach. 8, 10 The paraspinal approach has equivalent corrective ability and significantly reduced risk of complications such as iatrogenic muscle injury and postoperative back pain compared with the posterior approach. 10 -12 The percutaneous approach has been used with good results in thoracolumbar fractures and lower lumbar degenerative diseases, with shorter operative times, less intraoperative bleeding and faster functional recovery than the traditional posterior approach. 8, 13 There are disadvantages to the paraspinal and percutaneous approaches, including a high rate of screw misplacement due to limited visibility of anatomical landmarks. 14, 15 Image navigation systems can facilitate insertion of the pedicle screw and minimize misplacement. 16 To our knowledge, no studies have compared the paraspinal and percutaneous approaches in the treatment of thoracolumbar burst fractures in neurologically intact patients with PLC injury. The aim of the present study was to compare the efficacy and safety of these two approaches in a series of patients with burst fractures of the thoracolumbar spine with concomitant PLC injury. The study recruited consecutive patients who met the following inclusion criteria: (i) age 18 -60 years; (ii) single-level burst fracture of the thoracolumbar spine (T11 to L2); (iii) presentation within 7 days of injury; (iv) absence of neurological deficit; (v) < 50% narrowing of the spinal canal by retropulsed Paraspinal versus percutaneous approach for spinal fractures vertebral fragment; (vi) PLC injury detected by magnetic resonance imaging (MRI); (vii) facet joint, posterior longitudinal ligament and intervertebral disc intact; and (viii) loadsharing score of ≤ 6. 17 Patients with major fractures of other sites, comorbid injuries involving other major organ systems that required hospital admission, active management, pathological or osteoporotic fractures, or a history of spinal surgery were excluded. The cause of spinal injury was recorded for all patients.
Patients and methods

PATIENTS
Preoperative plain X-radiographs, computed tomography (CT) scans and MRIs of the fracture site were reviewed for PLC integrity, vertebral body height (VBH; %), 18 and local kyphosis angle (LKA; Cobb method). 19 The study was approved by the Institutional Review Board and the Ethics Committee of Beijing Jishuitan Hospital and written informed consent was obtained from each patient (or their next-of-kin if necessary). Patients were randomized on the basis of a computer-generated random allocation sequence to undergo either percutaneous or paraspinal surgery.
SURGICAL PROCEDURES
All patients were managed with posterior pedicle screw instrumentation by one of the authors (W. T.). All procedures were carried out under controlled general anaesthesia with endotracheal intubation, in the prone position on a radiolucent operating table. Pads were placed under the shoulder and pelvis to allow proper extension and for attempting postural reduction before surgical correction. Neurological status was monitored during the postural reduction attempt. The effect of postural reduction was confirmed by lateral fluoroscopy immediately before surgical incision. Successful preoperative postural reduction was defined as VBH > 90%.
Percutaneous surgery was performed as described 13 and according to the manufacturer's instructions (CD Horizon ® Sextant™ spinal system; Medtronic Sofamor Danek, Memphis, TN, USA) (Fig. 1) . Paraspinal surgery was performed as described 10 (Fig. 3) , with the navigation tracker attached to the spinous process of the vertebra directly above the instrumented vertebra. Any spinal deformity remaining after postural reduction was corrected by manipulating the pedicle screw construct. No incision drainage was applied to any of the patients.
POSTOPERATIVE MANAGEMENT
Postoperative management was the same in both groups. Ambulatory activities while wearing a brace were encouraged within 3 days postoperatively (braces were custommade after surgery), and the brace was retained for 8 weeks. Strenuous labour and sports activity were prohibited for 3 months. Perioperative medical or surgical complications that required specific Paraspinal versus percutaneous approach for spinal fractures intervention or treatment were recorded. The implant was removed from all patients 1 year after surgery in order to avoid hardware failure.
STUDY OUTCOMES
The duration of surgery, intraoperative blood loss, duration of hospitalization, time from injury to surgery and the time from surgery to walking were recorded. Postoperative CT scans were performed in all patients to assess the accuracy of screw placement (Fig. 4) . Accuracy was graded according to the method of Youkilis et al.: 16 grade I, screw placement within the pedicle without cortical violation; grade II, cortical violation ≤ 2 mm; grade III, cortical violation > 2 mm.
All patients were evaluated immediately after surgery, at 3, 6 and 12 months postoperatively and yearly thereafter for a minimum of 3 years after surgery. Plain Xradiographs were reviewed for LKA and VBH, with a negative LKA value indicating lordosis. Surgical corrections in LKA and VBH were calculated by subtracting preoperative values from immediate postoperative values. Loss of correction was calculated by subtracting the immediate postoperative value from the value at final follow-up.
Back pain was quantified using a visual analogue scale (VAS). 20 Functional outcomes were assessed using Oswestry Disability Index (ODI) questionnaire. 21 The VAS and ODI data that were recorded immediately 
STATISTICAL ANALYSES
Statistical analyses were performed using the SPSS ® statistical package, version 13.0 (SPSS Inc., Chicago, IL, USA) for Windows ® . Continuous variables were recorded as the mean ± SD. Between-group comparisons were made using the two-sided Student's ttest. Between-group differences in VAS and ODI scores were analysed using repeated measures analysis of variance. A P value < 0.05 was considered statistically significant.
The sample size of the current study was estimated using an assumed type I error of 5% and a type II error of 10%, according to clinically important difference : initial SD ratios for LKA (3 : 4), VBH (10 : 10), VAS (2 : 3) and ODI (5 : 7). Using the largest estimated sample size and an estimated dropout rate of 15%, the minimum required sample size was 28 patients in each group.
Results
A total of 81 consecutive patients were eligible for inclusion according to the study criteria. Of these, 20 refused to undergo surgical treatment so 61 were enrolled in the study (41 males/20 females; mean age 42.4 ± 8.7 years; age range 18 -60 years). After randomization, the percutaneous group included 31 patients and the paraspinal group included 30 patients. There were no statistically significant betweengroup differences in baseline demographic and clinical characteristics (Table 1) . 
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There were no significant between-group differences in the time from injury to surgery or from surgery to walking (Table 2) . Intraoperative blood loss (P < 0.001) and the durations of surgery (P = 0.008) and hospitalization (P < 0.001) were significantly lower in the percutaneous group than the paraspinal group. There were no major perioperative complications, with the exception of one patient in the paraspinal group who developed a superficial wound infection that was treated with debridement and antibiotics.
Values for LKA and VBH preoperatively and after postural reduction were comparable in both groups, but were significantly better in the paraspinal group than the percutaneous group immediately after surgery (P < 0.001 for both comparisons; Table 3 ). Patients in the paraspinal group had significantly better surgical correction of both LKA and VBH than those in the percutaneous group (P < 0.001 for both comparisons; Table 4 ). Loss of correction of LKA and VBH was observed in some patients but the differences between the groups at final follow-up were not statistically significant (Table 4) .
Preoperative postural reduction was achieved in 21 patients (10 in the paraspinal group and 11 in the percutaneous group). There were no significant between-group Table 5 ). In patients with unsuccessful postural reduction, LKA and VBH showed significantly better surgical correction in the paraspinal group than the percutaneous group (P < 0.05 for both comparisons; Table 5 ). There were no instances of hardware failure before instrument removal in either group (implant dislodgement, screw loosening or breakage). Grade II screw misplacement was observed in 6/124 (4.8%) (Table 6 ). There were no grade III screw misplacements. No patient showed neurological deficit as a result of screw misplacement, and none of the pedicle screws required revision.
Patients in the percutaneous group reported significantly lower pain levels at 3 months after surgery (VAS score, 3.58 ± 0.27 [range 1 -7] in the percutaneous group versus 4.47 ± 0.29 [range 2 -7] in the paraspinal group; P < 0.05). VAS scores decreased over time and the difference between the two groups was not statistically significant at any other time point (Fig. 5A) . Functional recovery (ODI score) was significantly better in the percutaneous group (13.48 ± 6.13, range 6 -30) than the paraspinal group (18.40 ± 6.90, range 6 -34) at 3 months after surgery (P < 0.05), but there were no significant between-group differences at any other time point (Fig. 5B) .
Discussion
The general treatment principle for thoracolumbar burst fractures without neurological deficit depends on the stability and severity of the fracture. Several classification and evaluation systems for thoracolumbar injuries have been described, but none has gained universal acceptance due to a lack of comprehensive consideration of fracture stabilization, neurological function and available treatment options. 22 The Spine Trauma Study Group proposed the TLICS system in order to resolve these limitations. 6 TLICS is based on the theory that the stability of a thoracolumbar burst fracture depends on PLC integrity. If PLC injury can be diagnosed accurately, then surgical treatment is preferable to nonoperative management. 6 PLC injury is frequently overlooked when patients are assessed by physical examination, Xradiograph or CT scan, 23 but MRI can detect PLC injury with high sensitivity. 24 All patients included in the current study were, 16 No statistically significant between-group differences (P ≥ 0.05); two-sided Student's t-test. therefore, examined using MRI in addition to plain X-radiographs and CT scans, in order to evaluate PLC integrity. According to TLICS, a posterior approach is most appropriate for neurologically intact patients with burst fractures and PLC injury. 6 The pedicle screw-rod system is widely used because of the simple surgical approach, good biomechanical stability and ability to restore spinal alignment; and short-segment posterior pedicle screw instrumentation has become the standard treatment in most cases of thoracolumbar fracture. 22, 25 A high rate of instrument failure and loss of kyphosis correction have, however, been reported. 26 The load-sharing classification system predicts the failure of posterior instrumentation, such that patients with a load-sharing score of ≤ 6 are unlikely to experience posterior instrumentation failure. 17 The current study, therefore, excluded patients with a load-sharing score > 6.
Patients with facet joint fracture or translation were excluded from the present study in order to preserve the motion segment for later instrument removal. The combination of anterior burst fracture and posterior PLC injury is classified as a flexiondistraction injury, 27 with a flexioncompression load affecting the anterior vertebral body and a tension-distraction force affecting the posterior PLC. Flexiondistraction injuries are caused by a posterior to anterior rotation in the sagittal plane, with the rotation axis traversing through the spinal canal and facet joint. 28 Structures around the rotation axis that experience minimal displacement are, therefore, more likely to be intact following injury. In our experience, when the balance between the two sides of the rotation axis can be restored the pivot may be preserved, otherwise it should be fused. Anterior vertebral body support was successfully re-established in the current study by using posterior shortsegment pedicle instrumentation. There was no need to perform laminectomy, and the PLC was immobilized at its neutral position and repaired spontaneously by fibrosis scar formation. Segment motion was, therefore, restored in patients with an intact facet joint after hardware removal. It has been reported that the clinical outcomes of the nonfusion technique are as good as those of the fusion technique and avoid bone graft-related complications. 29 The current study found no significant difference in outcome between the two groups at final follow-up. Patients in the percutaneous group reported significantly lower pain and better function than those in the paraspinal group at 3 months after surgery. The percutaneous approach was superior to the paraspinal approach in terms of intraoperative blood loss and duration of surgery and hospitalization. The paraspinal approach resulted in better vertebral height reduction and sagittal alignment restoration than the percutaneous approach. Although the less invasive nature of the percutaneous approach resulted in better perioperative parameters and earlier recovery it was not as effective at correcting the deformity as the paraspinal approach, possibly due to hardware design limitations. The rotational force required for fracture reduction and deformity correction cannot be achieved with currently available percutaneous instruments, which include polyaxial pedicle screws and unadjustable prebending rods. This limitation of the currently available percutaneous instrumentation has also been reported by other authors. 30 A modification of the percutaneous system using an expandable rod has shown good results in the treatment of thoracolumbar fractures, 31 but this novel device is not currently Paraspinal versus percutaneous approach for spinal fractures available in clinical practice due to patent restrictions or lack of approval. In the paraspinal approach, however, the use of monoaxial screws allowed the deformity to be corrected by adjusting the sagittal screw insertion direction and the contour of the rod. The sagittal direction of screw insertion allowed the caudal screw to be inserted cephalically and the cephalic screw to be inserted caudally, in order to achieve better rotational force when connecting to the rods.
The current study found no significant between-group difference in the rate of successful preoperative postural reduction, defined as VBH > 90% based on the spongy bone of the vertebral body having an elastic deformation range of about 9.5% before fracture. 32, 33 Around one-third of patients (21/61) achieved successful postural reduction in the current study, but this was below the minimum sample size required to confirm any hypothesis. The initial surgical treatment principle for spinal injury is fracture reduction and deformity correction, preferably via a minimally invasive approach. In the present study, the percutaneous approach was preferred for its minimal invasiveness and the paraspinal approach was superior in terms of fracture reduction and deformity correction. Both approaches had similar long-term clinical outcomes. In patients with successful postural reduction further corrective surgery was unnecessary, and the only purpose of instrumentation was to stabilize the injured segment in situ. In our opinion, the percutaneous approach is more suitable for patients who achieve successful postural reduction because it is minimally invasive. The paraspinal approach is more suitable for patients with unsuccessful postural reduction as it is associated with better surgical correction.
There were no cases of instrument failure in either group in the current study and no obvious loss of correction was observed after hardware removal, possibly due to careful patient selection according to the loadsharing classification system. 17 Use of a navigation system resulted in there being no grade III screw misplacements in either group. The small number of grade II misplacements may have been due to individual variation in pedicle diameter. The overall misplacement rate was less than that previously reported. 16 The use of a navigation system improved the accuracy of pedicle screw placement and reduced the duration of surgery and radiation exposure. 34 In addition, a navigation system can indirectly assist in the reduction process. The sagittal adjustment of screw insertion might increase the incidence of screw cut-out and perforation, but images obtained from the navigation system can assist in adjusting the direction of insertion and result in better reduction. There were some limitations of the navigation system in the current study. First, an additional incision was required to secure the tracker in the percutaneous group, possibly worsening soft tissue injury. Secondly, a short segment of paraspinal muscle had to be stripped in order to secure the tracker. Thirdly, additional fluoroscopy was required to confirm fracture reduction. These limitations have also been reported by others. 35 A minimally invasive navigation tracker has been developed that resulted in good screw placement in a cadaveric feasibility study. 35 In conclusion, the two paraspinal musclesparing approaches that were compared in the present study showed comparable longterm clinical results in the treatment of thoracolumbar burst fractures with PLC injury in neurologically intact patients. The percutaneous approach was superior in terms of intraoperative blood loss and XZ Jiang, W Tian, B Liu et al.
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durations of surgery and hospitalization, and was associated with significantly better pain relief and functional recovery at 3 months after surgery than the paraspinal approach. In contrast, the paraspinal approach resulted in better fracture reduction and deformity correction than the percutaneous approach. The navigation system greatly enhanced the accuracy of pedicle screw placement and direction adjustment. Based on the current results, we recommend the minimally invasive percutaneous approach in cases with successful postural reduction. Patients who do not achieve successful postural reduction should be treated via the paraspinal approach because it is associated with better surgical correction.
